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Abstract 

The leading order interaction between a Goldstone boson and a matter field is universally dominated by the Weinberg- 
Tomozawa term. Based on this observation, we predict a rich spectrum of bound states of a kaon and a heavy meson. We argue 
that if the fife time of an excited heavy meson is significantly longer than the range of forces, then the finite width of that state 
can be neglected in a first approximation. Then, the Z)|o(2317), Dsi(2460), Ds j{2860) and Da j (3040) are generated as DK, 
D*K, Di{2420)K and D* {2600)K bound states, respectively. In addition to the remarkable agreement with the measured 
masses, the decay patterns of the Da j (2860) and Dsj (3040) can also be understood. Two more Daj states, and kaonic bound 
states with the bottom mesons as well as the doubly charmed baryon are also predicted. 
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The leading order (LO) interaction between a Gold- 
stone boson and a matter field is universally dominated 
by the Weinberg- Tomozawa (WT) term [ij, [ij ■ With the 
kaon being a Goldstone boson of the spontaneous chiral 
symmetry breaking, the -D|q(2317) and Z3si(2460) can be 
generated as bound states of the DK and D*K systems, 
respectively Considering a heavy matter field H 

with a mass Mh much larger than the kaon mass Mk, 
the heavy field can be treated nonrelativistically. Then 
the LO 5-wave elastic scattering amplitude from the WT 
term can be given in a simple form, 



V{s) = C 



MhEi{s) 
p2 



(1) 



where s is the squared energy in the ccnter-of-mass frame. 
El is the energy of the light meson in the center-of-mass 
frame, and = 92.4 MeV is the pion decay constant. 
The coefficient C = -2 for the / = HK HK chan- 
nel. The heavy matter fields for which Eq. ^ can be 
applied include the excited heavy mesons with flavor con- 
tents cq, b(}, and the doubly heavy antibaryons ccg and 
bbq. (A subtlety related to the finite width effects will 
be discussed later.) Therefore, if the IJ!n(2317) is a DK 
bound state as suggested in Refs. [l,|3,Hll3l' O'^^ can eas- 
ily expect that there must be more bound states. In fact, 
the BK and B*K bound states have been predicted 0- 
[s], Q . Here a bound state does not strictly mean a state 
with a zero width. It means if all the other particles are 
neglected, then it has a vanishing width. If some other 
particles with lower masses arc switched on as in the real 
world, these "bound states" will have a finite width. 

On the experimental side, besides the D*q{2317) and 
Dsi(2460), more charmed strange mesons have been dis- 
covered in recent years. They include the D*i(2700) [111, 



12|, Dsj (2860) (111 and i:>,sj(3040) [13|. Both the 
D*^{2700) and the Dsji2860) decay into DK and D*K, 
while the -Dsj(3040) was only observed in the D*K final 
state [l^l. The ratios between different decay modes of 



the Z3sj(2860) were measured to be \U- 
r(L»sj(2860) D*K) 



R 



-Da J (2860) 



r(-D,j(2860) ^ DK) 



1.10 ±0.24, (2) 



and a similar ratio for the D*j^(2700) is i?D*j^(27oo) = 
0.91 ± 0.18. Both states have a natural parity, i.e. a 
positive (negative) parity for an even (odd) spin, be- 
cause they decay into the DK channel. Using the LO 
heavy hadron chiral perturbation theory (HHChPT), 
which is model-independent, the decay pattern of the 
13*1(2700) for a {2S,J^ ~ 1^) assignment was calcu- 



lated to be R 



= 0.91 ± 0.04 [15|, fully con- 
Furthermore, the mass of the 



nji(2700) 

sistent with the data. 
13*1(2700) agrees well with the prediction in the Godfrey- 
Isgur quark model [l3|. So there is little doubt that the 
Z3*i(2700) is the (25,1-) cs meson. The situation for 
the £',,j(2860) and Z3sj(3040) is not clear yet. Their 
quantum numbers arc not known. The LO results from 
the HHChPT for i?Ds 7(2860) were given in [l3| for differ- 
ent assignments. They are 1.23, 0, 0.63, 0.06, and 0.39 
for (25", 1-), (2P,0+), (2P,2+), (113,1-), and (ID, 3"), 
respectively. Comparing with the measured value, one 
can conclude that the only possibilities are (25", 1") and 
(2P, 2+). However, the (25,1-) cs meson has already 
been identified as the I3*i(2700), and the (2P,2+) one 
would have a mass as large as 3.1 GeV [l3|. Various ex- 
planations of the Z3sj(2860) and I3, j(3040) have already 
been discussed in the literature |19l427| . 

In this paper, we will show that all of the I3*q(2317), 
Z3,i(2460), L*^ J (2860) and Z3,j(3040) mesons can be in- 
terpreted as charmed-meson kaon bound states. The 
13, J (2860) and Z33j(3040) are interpreted as Di{2'i20)K 
and 13* (2600) A' bound states, respectively. In addition, 
more kaonic bound states will be predicted. 

One important issue requires discussion. Both the D 
and D* have a negligible width, however, the excited 
heavy mesons normally have a width of tens of MeV or 
even larger than 100 MeV. The finite width presents 
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another energy scale which might invahdate the use of 
the WT term. A natural question is: how large a width 
can be neglected for a given case? Let us consider a 
hadron with a finite life time r. If r is long enough so 
that the interaction responsible for the binding takes 
place, then one can neglect the width in calculating 
the bound state masses. Mathematically, this means 
T ^ r, with r the range of forces, i.e. F ^ 1/r. For the 
interaction between a kaon and a heavy meson, since a 
pion cannot be exchanged, the range of forces is set by 
1/r ~ Mp or more safely by ^M.,^. Therefore, if the width 
of the other hadron is much smaller than Afp, then in a 
first approximation, the width can be neglected. These 
heavy mesons, written in terms of {H, H^} in the same 
SU(3) triplet, include {D,D,}, {D\D*}, {i:»i(2420), 
Z?,i(2536)}, {7^2* (2460), i^:2(2573)}, {i^(2550), ?}, 
{D*{2600), D*,{2700)}, and {B*,B;}, 
{Si(5720), Bsi(5830)}, {5^(5747), 5^2(5840)} [H, and 
their strange partners. Among them, the Z?(2550) and 
£'*(2600) were discovered very recently by the BABAR 
Collaboration The properties of the I?* (2600) are 

consistent with the radially excited (25*, 1~) charmed 
meson. The I?(2550) might be the (25*, 0~) state since 
it has the correct angular distribution [28| . However, 
its width is much larger than the prediction using the 
LO HHChPT, F,5(2550) = 0.55F,5.(26oo) - 50 MeV [H. 
Nevertheless, we will tentatively assume the Z?(2550) as 
the 25' pseudoscalar charmed meson. On the contrary, 
however, this is not the case for the Z)i (2430)1?* system 
which was considered in Ref. [l^l- The width of the 
Di(2430) is 400 MeV > M^, whose inverse sets the 
range of forces for this system, and hence the finite 
width effect cannot be neglected. Indeed, it was shown 
that, after considering the finite width or the three-body 
cut, the bound state disappears [sij. The impact of 
the finite width effect on the line shape of a composite 
particle was considered in Ref. [s^l (see also [ssl]). 

The masses of the bound states can be calculated by 
searching for poles in the resummed S'-wave / = scat- 
tering amplitudes T(s) ^ V{s)[l - G{s)V{s)]-'^ [Mlsi]. 
We will consider two coupled channels for each case, 
which means all of T{s),V{s) and G{s) are 2x2 ma- 
trices. Denoting the nonstrange (strange) heavy meson 
by ff(s), the matrix elements of the symmetric matrix 
V{s) is given by Eq. ([T]). For / = 0, the coefficient 
C = -2,0 and -^3 for VHK^HKis),VH,rt^H,rj{s) and 
VHK^H^riis), respectively. G{s) is a diagonal matrix 
with the nonvanishing elements given by the loop func- 
tion for a nonrelativistic heavy meson and a relativistic 
light meson Q 



Ghi{s) = 



1 



+2|pi|cosh"^ ' ' 



a(^)+lo,-' ' 



■^)-2..b1|}. 



(3) 



with a{fj,) SL subtraction constant, fi the scale of dimen- 
sional regularization, and pi{Mi) the three-momentum 
(mass) of the light meson. Equation ([T|) seems to im- 
ply that the heavier the matter field is, the stronger the 
interaction will be. However, the factor Mh will be can- 
celed by a factor of 1/Mh in the loop function in the 
resummed amplitudes, as required by the heavy quark 
symmetry. It is natural to choose the same value of the 
subtraction constant a(/i) for all the heavy hadrons. A 
change in the scale fj, can be balanced by a correspond- 
ing change in a(/x). However, for checking the stability 
of the results, we will also fix the subtraction constant 
while allowing jj. varying from 1 GeV to Mj^. For a 
given ^, a(/i) is fixed by reproducing the mass of the 
£1*0(2317), and we get a(l GeV) = -3.84. The results 
for the charmed mesons are summarized in Table |T] with 
the expected dominant decay modes. We use the cen- 
tral values for the masses of the constituents. The error 
bars reflect the variation of fj.. It has been assumed that 
the unknown strange partner of the 15(2550) has a mass 
100 MeV heavier than the D(2550). In fact, neglect- 
ing the HsT] channel and keeping only the HK chan- 
nel, the results are almost the same, with a difference 
within 4 MeV. This means one can interpret the gener- 
ated states as heavy-meson kaon bound states. We can 
see that with input only from the D*q(2317), the masses 
of the £i,i(2460), Dsj{2860) and £isj(3040) can be well 
reproduced. In the following, we will focus on the latter 
two states, which are interpreted as S'-wave Di{2420)K 
and D* {26QQ)K bound states, respectively. In this sce- 
nario, the are 1~ for the Dsj(2860), and 1"*^ for the 
Z?sj(3040). We also checked that, using Fk instead of 
in Eq. ([T]) . which represents some of the higher order 
corrections in the chiral expansion, the results are very 
stable. The predicted masses change for no more than 
3 MeV with the subtraction constant refitted to the mass 
of the £'*g(2317). Inclusion of other coupled channels 
such as those listed as decay modes in Table U involves 
unknown coupling constants. As long as the threshold 
of the coupled channel Tec is far from the bound state 
mass, which can be characterized as |Tcc — M-qsI 3> e, 
with e being the binding energy, they will modify the 
mass only marginally. However, their presence will give 
a finite width to the bound state. Now let us discuss 
their decay modes. 

Some of the decay mechanisms of the (2860) and 
Dsj{30^0) are shown in Fig. [TJ Note that this is not 
a complete list, for instance, the DsUJ is another impor- 
tant decay channel of the Z?sj(3040). In fact, this chan- 
nel can be used in distinguishing the D*{2600)K bound 
state picture from a cs picture, for which the decay into 
DsLO would be very small due to the OZI suppression. 
Being a 1+ state, the Dsj (3040) cannot decay into the 
DK. This is consistent with the experimental facts. The 
two-body decays of the D,j (2860) and Dsj(3040) oc- 
cur through the scattering Di{2i20)K D'-*'>K and 



2 



TABLE I: Predicted masses of charmed-meson kaon bound states. The experimental values are listed in the fourth row for a 
comparison. The expected dominant decay modes are also given. 



Main constituents 


DK 


D*K 


Di{2420)K 


D2{2460)K 


D(2550)/< 


D*{2600)K 




0+ 


1+ 




2" 


0+ 


1+ 


Predicted masses 


2317.8(input) 


2458 ± 3 


2870 ± 9 


2910 ± 9 


2984 ± 10 


3052 ±11 


Experimental data 


2317.8 ±0.6 


2459.5 ±0.6 


2862 ± 2+1 






3044 ± 8lf 


Dominant decays 




DU 




D*K,Dtri 


DK, D,ri 


D'K.,Dlr],DsUj, DK*,D(t) 



Lli(2420) D' 



£>i(2420) D{D') 



D,j(2860) 



T ^ I3,,,(28e0) 



(a) 

I5*(2600) D{D') 




r>*(2600) 



Aj(3040) 



D,j(3040) 



A- 



(c) 




FIG. 1: Schematic diagrams of some of the decay mechanisms 
(not a complete list) of the Dsj(2860) and Dsj(3040). 



D*{26m)K D*K, respectively, as shown in Fig. [T] 
The total angular momentum of the light degrees of free- 
dom in a heavy hadron Si is conserved in the heavy quark 
limit. The axial- vector meson Di(2420) has sf = I"*". 
So without breaking the heavy quark spin symmetry, the 
Di{2A20)K can couple to the DK and D*K channels in 
a P wave because D^*^ has = ^ . Therefore, the two- 
body decay modes D*K and DK can be related through 
heavy quark spin symmetry. Nonrelativistically, the de- 
cay amplitudes can be written as 

7W(Asj(2860) ^ DK)=gDGD,KeD^j ■ ko, 
M{D,j{2860) ^ D*K)=gD>GD,K€'"'k\,,e'D,Xj}'i'^) 

where Gd^k is the DiK loop function, kjj(,) is the mo- 
mentum of the D*^*-' in the center-of-mass frame, e*-''^' is 
the antisymmetric Levi-Civita tensor, and £d,j and Ed* 
are the polarization vectors of the I?sj(2860) and D*, 
respectively. The heavy quark spin symmetry requires 
go I go* = \J jMu* taking into account the nonrela- 
tivistic normalization factor. The result 



R 



M 



nsj(2860) 



Md 



1.23 



(5) 



is in nice agreement with the data 1.10 ± 0.24. Further- 
more, the helicity angular distribution for the sequential 
process £'sj(2860) D*K DttK derived from Eg^^ (g]) 



One expects that the 7?sj(2860) and Dgj (3040) can 
also decay through the decays of the Di(2420) and 
Z)*(2600), respectively. However, the partial widths of 
these sequential decays are not large. This is because 
they are suppressed by a D-wave and P-wave factor for 
the Z)sj(2860) and Dsj(3040), respectively, as well as by 
the three-body phase space. In fact, this expectation can 
be confirmed by a rough estimate. For an S'-wave loosely 
bound state, the binding energy e and effective coupling 
g for the bound state to its constituents are related by 
5^ = 167r(TOi+m2)V2e/Ai[l + C(»V^)] SHI, where 
TOi 2 arc the masses of the constituents, and ^ is their 
reduced mass. We get 1 and 26 MeV for such sequen- 
tial decays of the _Dsj(2860) and -D^j (3040), respectively, 
which means they only contribute a branching fraction 
of about 2% and 10%, respectively. However, these re- 
sults can only be regarded as an order-of-magnitude es- 
timate, since for both cases, \J2[it ~ 220 MeV, and so 
the uncertainty in the so-estimated effective coupling is 
very large. Nevertheless, the two-body decays would be 
the dominant modes for these two states. Therefore, 



one expects T^)^ 



.7(3040) 



>r 



Dsj (2860): 



consistent with the 



data, because the two-body decays of the Dgj (3040) and 
Z^s J (2860) are in an S- and P-wave, respectively. 

In addition, heavy quark spin symmetry implies that 
each of the predicted bound states has its spin multi- 
plet partner [s^. For instance, the Dsi(2460) is the 
spin partner of the -D*o(2317). Because the kaon, which 
has a negative parity, interacts with the heavy meson in 
an S'-wave, so for the D^*''K systems, sf = . Note 

that they should not be confused with the sf ~ ■^^ 
cs mesons because they have a different dynamical ori- 
gin. Similarly, the £'2(2460)A' bound state, to be called 
i:)*2(2910), is the spin partner of the £)sj(2860), and they 



have , 



. The £i^j(3040) and the D{2550)K bound 



state, to be called D*g(2985), form another s| 



1 + 



dou- 



blet. They can be regarded as the excited states of the 
£i:o(2317) and D,i{2A60). 

Assuming the decay modes given in Table |I] exhaust the 
decay widths, ratios of the total widths can be predicted 
based on the HHChPT. At LO, we obtain 

rD*„i'2f)io~i Ff 



2(2910) 

^Ds.7(2860) 



0.2, 



D;o(2985) 
"n, J (3040) 



< 1, 



(6) 



is sin 8, which again agrees with the observation jl3|. where the less-than sign is because the DK*,DsUj,Ds 
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channels for the Dsj(3040) were not taken into account. 
Thus we have ^d*2{2910) ~ 10 MeV. Such a smah width 
suggests that more experimental efforts should be de- 
voted to the D*K data. 

We can make further predictions for the bottom sec- 
tor. The results are listed in Table [TT] together with the 
expected dominant decay channels. In addition, there 



TABLE II: Predicted masses of bottom-meson kaon bound 
states. The expected dominant decay modes are also given. 













Constituents 


BK 


B'K 


Bi(5720)if 


32(5747)^ 




0+ 


1 + 


1" 




Predicted masses 


5705 ± 31 


5751 ± 32 


6151 ± 33 


6169 ± 33 


Dominant decays 




B'tt 


B'-'^K, B<*>r) 


B'K, B'r) 



should also be kaonic bound states with the doubly heavy 
baryons. For instance, the Scc(3520)iC bound state is 
predicted to have a mass of 3956 ± 20 MeV. 

In summary, using chiral and heavy quark symmetry, 
we predicted a rich spectrum of kaonic bound states. We 
argue that, if the lifetime of the constituents of a bound 
state is significantly longer than the range of forces, then 
the finite width effect can be neglected in a first approx- 
imation. The Di{2A20)K and D*(2600)K bound states 
are found to fit very well to both the measured masses 
and decay patterns for the Dgj (2860) and I?,, j (3040), re- 
spectively. Hence, all known properties of the -D*q(2317), 
L>^i(2460), 1)^,7(2860) and D,s,/(3040) can be systemat- 
ically explained as kaonic bound states. Kaonic bound 
states for the bottom mesons and doubly charmed baryon 
are also predicted. The decay mode Dgj {30^0) — ^ DgUj 
can serve as a criterion in distinguishing the present inter- 
pretation from a cs picture. The narrow £)*2(2910) and 
broader £>*g(2985) should be searched for in the D*K 
and DK channels, respectively. In order to understand 
the low-energy strong interaction better, searching for 
these states should be an important experimental issue. 
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